CD4+ T cells mediating both delayed-type hypersensitivity (DTH) and acquired cellular resistance (ACR) were generated in mice after immunization with viable Listeria monocytogenes. In contrast, CD4+ T cells from mice immunized with killed L. monocytogenes in complete Freund's adjuvant were capable of mediating only DTH but not ACR. To determine the functional difference between T cells mediating DTH and T cells mediating ACR, we examined two different populations of T cells for profiles of lymphokine production after stimulation with a specific antigen in vitro. The production of interleukin-2 (IL-2) and IL-3 but not IL-4 was observed in both T cells mediating only DTH and those mediating DTH and ACR. In this respect, both types of T cells could be categorized into the TH1 population, and they produced macrophage chemotactic factor equally well. However, the production of gamma interferon (IFN-'y) was observed only in T cells capable of mediating both DTH and ACR. This result was confirmed not only by an enzyme immunoassay specific for murine IFN--y but also by Northern (RNA) analysis for the detection of IFN--y mRNA. These results suggested that the TH1 population may be subdivided further into two distinct subsets and that the ineffectiveness of the killed bacterial vaccine may be partly explained by the dissociated development of T cell function.
Both delayed-type hypersensitivity (DTH) and acquired cellular resistance (ACR) are the manifestation of cellmediated immunity to facultative intracellular bacteria. During the course of an active infection with Listeria monocytogenes, DTH and ACR are generated, usually with similar kinetics (23, 27) . In contrast, when mice were immunized with killed cells of L. monocytogenes (22) or killed cells or lysates of Mycobacterium tuberculosis (33, 34) along with an adjuvant, only DTH was expressed. Dissociated development of T cells mediating DTH (TDTH) and T cells mediating ACR (TACR) was also observed in an in vitro primary culture system inducing L. monocytogenes-specific T cells (25) . Several reports showed that the effect of administration of anti-L3T4 monoclonal antibody to mice was different for DTH and ACR (5, 24) . Thus, there is no doubt that DTH and ACR to facultative intracellular bacteria are dissociable phenomena.
Although there are findings suggesting that double-negative y/b T cells (15, 32) or CD8+ T cells (18) contribute to cell-mediated immunity to Listeria or Mycobacterium cells, CD4+ T cells appear to play the central role in the expression of DTH and ACR (28, 33) . CD4+ T cells have been considered to be responsible for both helper function in antibody production and lymphokine production in DTH (14) . On the basis of the lymphokine profile produced by CD4+ T cell clones, two major groups, TH1 and rH2, have been defined (30) . THl-type cells are charactenrzed by the ability to synthesize interleukin-2 (IL-2) and gamma interferon (IFN--y) but not IL-4 and are believed to be responsible for DTH (3) . It is not yet clear whether TACR are categorized as the TH1 type or not, but the dissociated development of TDTH and TACR may raise the possibility that these two T cell populations differ in their profiles of lymphokine production.
In the present study, we examined the possible difference in the ability to produce various lymphokines between T cells mediating only DTH and those mediating both DTH and ACR and found that the TACR population is characterized by the ability to produce IFN--y.
MATERIALS AND METHODS
Experimental animals. Male mice of the C3H/He strain, raised and maintained under specific-pathogen-free conditions, were used for experiments at 7 to 10 weeks of age.
Microorganism. L. monocytogenes EGD, originally obtained from G. B. Mackaness (Trudeau Institute, Saranac Lake, N.Y.), was used throughout the study. The bacteria were grown in tryptic soy broth (Difco Laboratories, Detroit, Mich.) at 37°C for 16 h, washed repeatedly, suspended in phosphate-buffered saline (PBS), and stored at -70°C. Killed cells of L. monocytogenes were prepared by heating a viable bacterial suspension of a known concentration for 90 min at 74°C (25 were cultured with the sample in the presence of anti-IL-2 antibody S4B6 or anti-IL-4 antibody llBli. Monoclonal antibody S4B6 was a generous gift from Hideo Nariuchi, The Institute of Medical Science, The University of Tokyo (Tokyo, Japan), and monoclonal antibody llBl was purchased from Texstar Monoclonals (Dallas, Tex.). Proliferation in the presence of S4B6 antibody was regarded as IL-4 activity. The cell proliferation assay was carried out in triplicate wells for each sample. Macrophage-chemotactic factor (MCF) activity in the culture supernatant was assessed by the method of Snyderman et al. (35) with some modifications. A sample diluted 1:1 with medium was placed in the lower wells of blind-well chemotaxis chambers. A polycarbonate membrane filter with 5-pum pores (Nuclepore Corp., Pleasanton, Calif.) was placed between the upper and lower wells. As indicator cells, peritoneal exudate cells were collected from mice injected intraperitoneally with 1.5 ml of proteose peptone 3 days before the assay. The cells (6 x 105/ml) in 500 pul of medium were added to the upper wells.
After 90 min of incubation, the filters were removed, washed, air dried, and stained with Giemsa solution. The number of migrating macrophages was counted in five randomly selected high-power fields. The IFN-y titer was determined by an EIA as described by Firestein et al. (8) with some modifications. EIA plates were coated with 1.5 ,ug of rat anti-murine IFN-y monoclonal antibody (LEE Biomolecular Research Inc., San Diego, Calif.). After the plates were washed and blocked, serial twofold dilutions of samples or standard murine recombinant IFN--y were applied to the wells. After 90 min of incubation, the wells were washed and incubated with 100-fold-diluted rabbit anti-IFN-,y polyclonal antibody for 90 min and then with peroxidase-conjugated goat anti-rabbit immunoglobulin G (Cappel, Organon Teknika Corp., West Chester, Pa.). Finally, o-phenylenediamine in phosphate-citrate buffer with H202 was added as a substrate solution, and the reaction was terminated with H2SO4. The A492 was measured, and IFN--y activity was expressed as international units per milliliter determined against a known reference standard recombinant IFN-y. Amersham Ltd., Amersham, United Kingdom). The filter membrane was hybridized with a 32P-labeled DNA probe specific for murine IFN--y for 16 h at 65°C. The probe was an 800-bp cDNA insert obtained from Yasunobu Yoshikai (Nagoya University, Nagoya, Japan). Ethidium bromide staining of rRNA served as a molecular marker. The filter membrane was exposed to Kodak X-Omat film at -85°C, and the autoradiogram was developed. Statistical analysis. Data were expressed as means + standard deviations, and Student's t test was used to determine the significant differences between control and experimental values.
RESULTS
Dissociated development of TDTH and TACR. Adoptive local transfer of spleen cells from mice immunized with viable L. monocytogenes into footpads of naive recipient mice resulted in the expression of both DTH and local protection upon antigenic elicitation or challenge infection, as shown in Table 1 . Negative selection revealed that the effector cells for both DTH and ACR were the CD4+ helper-type T cells. When cells from mice immunized with killed bacteria in CFA were locally transferred, DTH could be expressed at a level comparable to that expressed by cells from mice immunized with viable bacteria; however, a significant level of local protection was never observed (Table 1) .
Differences in L. monocytogenes-specific antibody titers in immune mouse serum. Titers of serum antibody directed against sonicated antigen of L. monocytogenes were significantly elevated in mice 7 days after immunization with both viable and killed bacteria compared with those in nonimmune control mice. Sera from mice immunized with killed bacteria in CFA showed a higher level of antibody response than did those from mice immunized with viable bacteria (Table 2) .
Differences in the ability to produce IL-2, IL-3, and IL-4.
Lymphocytes were obtained from the spleen or draining lymph nodes of mice immunized with either viable bacteria or killed bacteria in CFA. Culture supernatants obtained 2 days after stimulation with killed bacterial antigen were examined for the IL-2, IL-3, and IL-4 activities. The ability to produce a significant level of IL-2 activity was found in cells from both viable bacterium-immune mice and killed bacterium-immune mice when assessed by HT-2 cell proliferation (Fig. 1 ). Higher activity was detected in the culture supernatant of draining lymph node cells from mice immunized with killed bacteria in CFA. The results of the IL-3 assay, measured as FDC-P2 cell proliferation, were almost the same as those of the IL-2 assay (Fig. 2) . It was clear that immunization with killed bacteria generated T cells capable of producing IL-2 and IL-3, just as immunization with viable bacteria did. The activity of IL-4, a lymphokine characteristic of the TH2 type of helper T cells, was determined with CTLL cells, which are capable of responding to both IL-2 and IL-4. In the absence of a neutralizing monoclonal antibody, the proliferation of CTLL cells was stimulated by culture supernatants from both groups. The activity was almost completely abolished by monoclonal S4B6, which neutralizes IL-2, but not at all by monoclonal antibody llBli, which neutralizes IL-4 (Fig. 3) . The activity in culture supernatants of IL-4-producing D1OG4 cells was completely eliminated by the same amount of antibody llBli. It was clear that was not produced in the cultures. These results showed that there were no differences in the profiles of IL-2, IL-3, and IL-4 production between T cells capable of mediating only DTH and those capable of mediating both DTH and ACR.
Differences in the ability to produce MCF and IFN-,y. MCF and IFN--y are believed to be the important lymphokines directly relevant to the expression of DTH and ACR. MCF activity was observed in the culture supernatants of cells from mice immunized with killed bacteria in CFA as well as in those of cells from mice immunized with viable bacteria, as previously described (23) . However, IFN--y activity was detected only in cultures of cells from viable L. monocytogenes-immune mnice (Table 3) . The difference in the ability to produce IFN-y, a THl-type lymphokine, upon stimulation with a specific antigen was further confirmed by Northern blot analysis. mRNA specific for IFN--y was highly detectable only after antigenic stimulation of spleen cells from mice immunized with viable L. monocytogenes (Fig. 4) .
Analysis of the T cell population responsible for the production of IFN--y. To determine whether antigen-stimulated production of IFN--y is limited only to CD4+ T cells, we performed a negative selection experiment. T cells from mice immunized with viable L. monocytogenes were treated with anti-Thy 1.2 antibody plus complement, anti-CD4 antibody plus complement, anti-CD8 antibody plus complement, and complement only. After stimulation with killed listerial antigen for 48 h, the IFN--y titers in the supernatants of the cultures were assayed. High IFN--y titers were detected only in cultures of T cells treated with anti-CD8 antibody plus complement (Fig. 5) , indicating that CD4+ T cells are the main population responsible for IFN--y production.
DISCUSSION
The mutual relationship between DTH and ACR in the cell-mediated immune response to facultative intracellular bacteria has been of interest for a long time (27, 31, 38) . systems, it is now clear that the phenomena are not mediated by the same cells (16, 22, 27, 39) . However, the critical difference between T cells mediating only DTH and those mediating ACR along with DTH is still unclear.
Various lymphokines are released from antigen-stimulated T cells of mice immunized with listerial antigen (19, 20) . The present study was mainly focused on the differences in the profiles of lymphokines produced by CD4+ T cells after stimulation with a specific antigen. On the basis of previous findings (22) , TDTH could be generated by immunization with killed bacteria in CFA and TACR could be generated by immunization with viable bacteria. After antigenic stimulation in vitro, both TDTH and TACR produced a significant level of IL-2 and IL-3 but not IL-4. The IL-2 and IL-3 activities were higher in the TDTH culture. In this respect, both T cell populations seemed to be categorized as THltype T cells, since TH1 and TH2 are regarded as nonoverlapping subsets that selectively utilize IL-2 and IL-4, respectively, as their autocrine growth factors (30) . There was a possibility that some of the immune T cells were of the TH2 type and may have released TH2-type lymphokines, including IL-4, since small amounts of L. monocytogenes-specific antibody were detected in the sera from both viable bacte- produce MCF, another lymphokine which also acts directly on macrophages (10, 17) and partly contributes to mediating ACR (6, 29) . This finding was consistent with our previous observation that the local administration of purified MCF was not sufficient for the expression of local protection against challenge infection and that the synergistic action of MCF and IFN--y was required (10, 11) . The general agreement concerning TH1 seems to be that IFN--y is one of the lymphokines that characterize THl-type T cell clones and that DTH is mediated by THl-type cells (3, 30) . The present finding that DTH can be expressed by T cells incapable of producing IFN--y may be contradictory to the above-mentioned idea. Fong and Mosmann recently reported that DTH responses, expressed after adoptive transfer of several TH1 clones, were not inhibited by antibody to IFN--y (9) . Taking this fact into consideration, it may be possible that there are two types of cells responsible for DTH: one is represented by typical TH1 clones producing lymphokines, including IFN-y, and the other is represented by TH1 clones lacking the ability to produce IFN-y.
The developmental relationship between TDTH and TACR examined in the present study is still not clear. TDTH lacking the ability to produce IFN-y may be one subset of THl-type cells differing from the subset of TACR; alternatively, TDTH may be identical to TACR except for differing in the stage of functional development. It is quite difficult to obtain T cells mediating ACR but not DTH; therefore, the latter possibility seems to be plausible. In careful kinetic study of T cells during the course of an active infection, TDTH might be detectable in the early stage, since we previously observed the accumulation of macrophages without functional activation at an early phase of an active infection with L. monocytogenes (29) .
Another question to be answered is why ACR is easily generated in an active infection but not after immunization with killed bacteria (38) . In the experiments with L. monocytogenes, the critical difference between viable and killed bacteria seemed to be in the ability to stimulate IL-1 production from macrophages and not in the antigenicity (26) . The administration of recombinant IL-1 accelerated the functional development of T cells in mice immunized with killed bacteria without adjuvant but failed to induce TACR (12) ; therefore, some other factor seems to be critically operating in the final development of TH1 into TACR. Finally, attention should be paid to the fact obtained in the present study that assays of lymphokines other than IFN--y do not always detect the presence of TACR or protective immunity in the host, since T-cell proliferation and IL-2 assays have been widely used for the assessment of vaccine efficiency and for the detection of "protective antigen."
